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Pigmentary phenotype is a key determinant of an
individual's response to ultraviolet radiation with the
presence of phaeomelanin thought to be of particular
importance. Reports of minimal erythema testing,
however, have failed to show a consistent difference
between skin type I and other skin types. The mela-
nocortin 1 receptor is a key genetic determinant of
the cutaneous response to ultraviolet radiation. In
this study we investigate the relation between experi-
mentally induced erythemal response to ultraviolet
radiation and the melanocortin 1 receptor genotype.
Phototesting was performed in 20 redheads and 20
nonredheaded subjects, the majority of whom were
also screened for the presence of melanocortin 1
receptor variants. The majority of redheads
sequenced (89%) had two melanocortin 1 receptor
variants previously found to be associated with red
hair compared to none of the controls. There was no
signi®cant difference between the groups in minimal
erythema dose: the median minimal erythema dose
in redheads was 44 mJ per cm2 (interquartile range
34±56) and in the nonredheaded group was 40 mJ
per cm2 (interquartile range 40±56). Objective meas-
urements of ultraviolet-B-induced erythema were
performed using re¯ectance instrument measure-
ments of erythema intensity and dose±response
curves constructed for each subject. The slope of the
dose±response curve in the redheaded group was
statistically greater than in the nonredheaded group
(median in redheads 4.08 vs 3.56 for controls, 95%
con®dence interval for the difference between the
medians being 0.01±1.23, p = 0.043). In addition the
ratio D0.05:D0.025 was signi®cantly lower for the red-
headed group (median in redheads 1.22, interquartile
range 1.18±1.26; median in nonreds 1.28, interquar-
tile range 1.23±1.32; p < 0.05). Thus, although the
minimal erythema dose values were not different,
subjects with red hair develop greater intensity of
erythema than nonredheaded individuals when doses
greater than the minimal erythema dose are given.
Importantly, when analyzed by genotype alone
rather than phenotype, the slope of the erythema
dose±response differed between those persons who
were homozygous or heterozygous mutants and
wildtype/pseudo-wildtype (p = 0.026). Key words:
ultraviolet radiation/skin type/melanocortin 1 receptor/red
hair/pigment. J Invest Dermatol 117:1314±1317, 2001
U
nderstanding variation in susceptibility to ultraviolet
(UV) radiation is important for several reasons. UV
radiation is the main environmental determinant of
skin cancer and therapeutically administered UV
radiation is increasingly used to treat a range of skin
diseases. An additional reason for interest is in understanding the
relation between variation in human skin color and ambient UV
radiation in an evolutionary context (Rees and Flanagan, 1999;
Harding et al, 2000; Rees, 2000).
A large number of studies have attempted to relate variation in
the minimal erythema dose (MED), a threshold measure of the
acute erythemal response to UV radiation, and the Fitzpatrick skin
type, an ordinal scale of an individual's self-reported history of
burning and tanning in response to sun exposure (Wilson et al,
1981; Sayre, 1981; Stern and Momtaz, 1984; Shono et al, 1985;
Andreassi et al, 1987; Azizi et al, 1988; Cox et al, 1989; Westerhof
et al, 1990; Rhodes and Friedmann, 1992; Snellman et al, 1995;
Gordon et al, 1998). The majority of such studies have shown
either a weak or no relation between MED and skin type (Stern
and Momtaz, 1984; Cox et al, 1989; Westerhof et al, 1990; Rhodes
and Friedmann, 1992; Snellman et al, 1995; Gordon et al, 1998).
There may be a number of reasons for this, including lack of
statistical power, especially with small numbers of individuals with
skin type I included in many studies; dif®culties in recording and
reproducibility of the Fitzpatrick classi®cation (Rampen et al,
1988); and the use of a threshold response rather than a full dose±
response curve (Farr and Diffey, 1984). Alternatively, there may be
little relation between acute erythemal response as objectively
recorded and self-reported history of tanning and burning.
Skin type can be considered ``downstream'' of the molecular
mechanisms that determine pigmentation and cutaneous in¯am-
mation in response to UV radiation. A key determinant of the UV
radiation response is the pigmentary phenotype. There are two
major classes of melanin in man, eumelanin and phaeomelanin
(Barsh, 1996; Lu et al, 1998). Eumelanin is thought to be more
photoprotective than phaeomelanin. In particular there is limited
evidence to suggest that, irrespective of the absolute amounts of
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eumelanin, the presence of phaeomelanin may lead to more UV-
radiation-induced damage (Menon et al, 1983; Hill, 1992; Kvam
and Tyrrell, 1999; Wood et al, 1999). It may therefore be more
sensible to correlate changes in the UV radiation erythemal dose±
response with the genetic causes of phaeomelanin status, rather than
use skin type or MED.
The ratio of eumelanin and phaeomelanin biosynthesis is under
genetic control (Barsh, 1996; Lu et al, 1998). Based on earlier work
in the mouse we and colleagues have shown that variation in the
human melancortin 1 receptor (MC1R) gene is a key determinant
of the pigmentary phenotype (Valverde et al, 1995; Box et al, 1997;
Flanagan et al, 2000; Healy et al, 2000; Rees, 2000). The human
MC1R is a G-coupled receptor, which in response to a-
melanocyte stimulating hormone (a-MSH) or other ligands signals
via elevation of intracellular cAMP leading to increased eumelanin
rather than phaeomelanin production. Redheaded individuals are
usually homozygous or compound heterozygotes for a limited
number of loss of function mutations of the MC1R (Flanagan et al,
2000; Rees, 2000). There is also, however, a clear heterozygote
effect on skin type and this is re¯ected in the elevated odds ratios for
heterozygotes with a history of skin burning and skin cancer (Smith
et al, 1998; Healy et al, 2000; Palmer et al, 2000; Box et al, 2001).
Allelic frequencies of the loss of function mutations of the MC1R
are high in UK populations with over 40% of the population being
heterozygotes or compound heterozygotes (Flanagan et al, 2000;
Healy et al, 2000). This high frequency allows direct examination
of the relation between the redheaded phenotype, de®ned clinically
and genetically, and the acute response to UV radiation.
MATERIALS AND METHODS
Subjects and experimental procedures Twenty individuals with red
hair were recruited for the study and as controls 20 nonredheaded
individuals. Participants underwent a detailed phenotypic questionnaire
after giving written informed consent. Skin type was assessed using our
previously described modi®ed classi®cation: (i) I, always burns, never
tans; (ii) between I and II, always burns, does not tan after one exposure
but tans lightly after several exposures; (iii) II, always burns, tans slightly
after one exposure and after several exposures; (iv) between II and III,
always burns but tans well; (v) III, rarely burns, tans well; (vi) between
III and IV, burns after longer exposure but tans very deeply, or never
burns but tans lightly; and (vii) IV, never burns, tans deeply (Flanagan
et al, 2000; Healy et al, 2000). Hair color was assessed using a chart of
hair color standards from L'Oreal (courtesy of Professor Hans Schaeffer,
L'Oreal). Hair color was de®ned as that at the age of 21 and red hair
was taken to include strawberry blonde (ginger) and auburn (brown
shade of red) as subcategories. In the redheaded group there were four
men and 16 women (median age 35±36 y, range 18±55 y) and in the
controls, six were male and 14 female (median age 28 y, range 22±55 y).
The distribution of skin type (ST) in the redheaded group was as
follows: ST I, n = 10; ST I±II, n = 4; ST II, n = 5; ST II-III, n = 1. In
the nonredheaded groupthe distribution was ST I, n = 1; ST I±II, n = 6;
ST II±III, n = 2; ST III, n = 9; ST IV, n = 2. Genomic DNA was
extracted from blood and sequencing of the MC1R gene was performed
as described previously (Flanagan et al, 2000). All sequencing results were
read by two observers. Sequencing results were unavailable for two
individuals from the control and redheaded group.
Phototesting protocol All 40 participants were phototested in
duplicate on each buttock. Buttock skin was chosen so as to minimize
the effects of facultative pigmentation. Individuals were excluded if there
was a history of exposure in this area to sunlight, sunbeds, or a
therapeutic light source in the preceding 6 mo. Nine test sites on the
medial aspect of each buttock were circled using an indelible marker.
Prior to irradiation an objective measurement of erythema was recorded
in triplicate at each test site using a re¯ectance instrument (Diastron,
U.K.) with the subject lying prone. Measurement of an erythema index
using this instrument is based on the work of Diffey et al (1984). The
melanin index was also recorded using the same instrument on the
buttock, dorsum of the hand, inner arm, and forehead (unlike the
erythema index, the reliability of the melanin index has not been
validated in studies and the presence of erythema may affect the
readings). The nine test sites were then irradiated using a series of UVB
doses (10±160 mJ per cm2), dose increment factor Ö2. The UV source
was a 300 W xenon arc lamp optically coupled to an interference ®lter
(Andover P/N 300FS10-50 AM-33230-1; peak transmittance 300 nm)
and a liquid-®lled light guide. The UV output was measured with a
wideband radiometer whose calibration was traceable to national
standards (Professor Brian Diffey, University of Newcastle).
Individuals were assessed 24 h after irradiation by one observer. The
MED, de®ned as the lowest dose of radiation to produce just detectable
erythema, was assessed visually. Triplicate measurements of erythema
index were repeated at each irradiated site using the re¯ectance
instrument. The erythema due to radiation was calculated as the
difference between the mean erythema index at each test site 24 h post-
irradiation compared to pre-irradiation. The mean increase in erythema
index was plotted against the logarithm of the UVB exposure dose.
Using the curve-®tting program Prism (GraphPad Software, San Diego),
a sigmoidal dose±response curve that best ®tted these points was
constructed for each subject. The slope of the steepest part of each curve
was calculated and the UVB doses required to achieve an increase in
erythema of 0.025 units (D0.025, equivalent to just perceptible erythema)
and 0.05 units (D0.05, equivalent to easily visible erythema).
Statistical analyses were performed using StatsDirect (Research
Solutions, U.K.). Nonparametric tests were used where the distribution
appeared non-normal or if variances of the means were nonequivalent.
Medians were compared using the Mann±Whitney U test and nonpara-
metric ANOVA performed using the Kruskal±Wallis test.
Figure 1. Percentage of individuals with zero, one, and two
variant MC1R alleles (Arg142His, Arg151Cys, Arg160Trp,
Asp294His, 537insC) in redheads (n = 18) and non-redheaded
individuals (n = 18).
Table I. MC1R variants in 18 redheads and 18
nonredheaded individuals
Redheaded individuals Nonredheaded individuals
151 HM WT
151 HM WT
151 HM WT
151 HM WT
151 HM WT
151 HM WT
294 HM WT
151 HT, 294 HT 60 HT
151 HT, 294 HT 60 HT
151 HT, 294 HT 60 HM
151 HT, 294 HT 92 HT, 160 HT, 314 HTa
151 HT, 160 HT 60 HT, 294 HT
151 HT, 160 HT 60 HT, 142 HT
151 HT, 160 HT 60 HT, 84 HT
142 HT, 151 HT 151 HT
151 HT, 155 HT, 314 HTa 294 HT
151 HT, INS 173 142 HT
84 HT, 151 HT 151 HT
aThe 314 variant is usually found on the same allele as either the 92 or 155 var-
iants. HM, homozygote; HT, heterozygote; WT, wildtype/pseudo-wildtype;
60, V60L; 84, D84E; 92, V92M; 142, R142H; 151, R151C; 160, R160W;
294, D294H; 314, T314; INS 173, insertion at code 173.
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RESULTS
The majority of redheads sequenced (16 of the 18) had two of the
MC1R variants known to be associated with red hair (Arg142His,
Arg151Cys, Arg160Trp, Asp294His, ins173) compared with none
of the 18 nonred control group (Fig 1). Seven of 18 controls
sequenced (38.9%) had one such MC1R variant. The genotypes of
the two groups are summarized in Table I.
As expected the melanin index differed between controls and
redheads, including on the sun-protected buttock, although these
differences were not always formally signi®cant (hand, p = 0.01;
forehead, p = 0.28; inner arm, p = 0.06; buttock, p = 0.008).
There was no signi®cant difference between the redheaded
group and nonredheaded group in median MED [median MED in
redheads 44 mJ per cm2, interquartile range (IQR) 34±56 mJ per
cm2; median MED in nonreds 40 mJ per cm2, IQR 40±56 mJ per
cm2; p = 0.6740]. Of note, both individuals with the highest MED
values (80 J per cm2) were redheads. No signi®cant difference was
found between the two groups in the dose of UVB required to
cause easily visible erythema (median D0.05 in redheads 38.4, IQR
30.7±51.6; median D0.05 in nonreds 42.8, IQR 35.6±50.2;
p = 0.93; Fig 2). By contrast the slope of the dose±response
curve was greater in the redheaded group than in the nonredheaded
group (median in redheads 4.08 vs 3.56 for controls, 95%
con®dence interval for the difference between the medians being
0.01±1.23 p = 0.043) (Fig 3). In keeping with this result the ratio
D0.05:D0.025 (a measure of the dose increase required to change
from barely perceptible erythema to easily visible and probably
symptomatic erythema) was signi®cantly lower for the redheaded
group (median difference 0.055, 95% con®dence interval for
median difference 0.01±0.11 p = 0.025) (Fig 4). ANOVA revealed
that the slope of the dose±response curve differed between those
who were homozygous loss of function mutants and heterozygotes
or wildtype/pseudo-wildtype (p = 0.037), as did the respective
D0.05:D0.025 ratio (p = 0.026). By contrast, there was little apparent
pattern to the relation between slope of the dose±response curve
and skin type.
DISCUSSION
In a group of redheads and nonred controls characterized at the
MC1R locus we show that the MED does not differ signi®cantly
between groups but that the slope of the UV radiation dose±
response curve is steeper for the redheaded individuals than for
nonredheaded controls. As expected most of the redheaded group
were homozygous for known loss of function mutations of the
MC1R. Subject to the caveat about differences in background
erythema these individuals showed paler skin even on habitually
sun-protected sites such as the buttocks. Although subjects were
ascertained on the basis of red hair, the high penetrance of the
MC1R and the fact that other loci appear to make a negligible
contribution to red hair suggests that the redheaded groups can be
considered representative of the homozygous loss of MC1R
function population (Flanagan et al, 2000). That the ANOVA
showed a relation between slope and genotype (rather than just
phenotype) is in keeping with this interpretation.
Our study raises a number of issues, and contrasts, with previous
studies. A large number of studies have been reported examining
the relation between skin type and MED (Sayre, 1981; Wilson et al,
1981; Stern and Momtaz, 1984; Shono et al, 1985; Andreassi et al,
1987; Azizi et al, 1988; Cox et al, 1989; Westerhof et al, 1990;
Rhodes and Friedmann, 1992; Snellman et al, 1995; Gordon et al,
1998). In general the relation has been poor, although in large part
this may represent methodologic inadequacies, such as the low
reproducibility of skin typing and use of a threshold measure such as
the MED, as discussed above (Farr and Diffey, 1984; Rampen et al,
1988).
Previous studies, however, do suggest that redheads may be a
more homogeneous group than nonreds in terms of MED.
Andreassi et al (1987) showed differences in MED between those
with red hair and those with other colors. The contrast with this
study may relate to the fact that their Italian population, in terms of
pigment phenotype, is more genetically heterogeneous than our
Northern European one, and also due to the limited sample size in
our study. Of relevance is that in an Italian population of redheads
only Vincensi et al (1998) have shown a relation between MED and
hair eumelanin/phaeomelanin ratio with approximately 45% of the
variance in MED being explainable in terms of melanin ratio.
Figure 3. Maximum slope of dose response curve in redheads
versus nonredheaded individuals. Horizontal lines show medians
(p = 0.043).
Figure 2. Comparison of dose of UVB required to achieve an
increase in erythema of 0.05 units (D0.05, equivalent to easily
visible erythema) in redheads versus non-redheaded controls.
Horizontal lines show median values (p = 0.93).
Figure 4. D0.05:D0.025 in redheads versus non-redheaded
individuals. Horizontal lines show medians (p = 0.025).
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Despite ®nding no difference in MED we show that the slope of
the dose±response is steeper in the redheads than nonred controls
(median 4.08 vs 3.56). This suggests that these subjects would be
more likely to burn at higher doses of UV radiation. Although
statistically signi®cant we suspect that this difference is unlikely to
explain the known everyday sensitivity of redheads to UV radiation
and their elevated risk of skin cancer. This study, like all single
exposure studies, is conceptually different from responses seen after
multiple exposures to UV radiation when differences in photo-
adaptation between individuals may be a far greater determinant of
the in¯ammatory response. In this sense skin type assessment,
which inevitably is a function of prior exposure as well as the
in¯ammatory response to a particular exposure, is not equivalent to
the MED and it is not surprising that the correlation between these
measures is imperfect. In terms of this study the modest differences
in facultative pigmentation on the buttock cannot be entirely
excluded from accounting for some of the differences between the
redheaded group and the controls. Current studies of photoadapta-
tion are limited by the problem of distinguishing between changes
in pigmentation and blood ¯ow or erythema if re¯ectance
instruments are used. It seems likely that in comparison with
controls those with red hair would fail to show an increase in
pigmentary photoprotection in response to repeated irradiation. It
is the latter assay that we suspect would relate more to skin type
than single dose irradiation.
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